A considerable amount of evidence suggests that abrin and Jung-Yaw Lin 1, 3 cannot cross cell membranes directly, but enters the cytosol via receptor-mediated endocytosis (Barbieri et al., 1993) . After
Introduction acid to alanine (E164A), arginine to leucine (R167L), and a double mutant (E164A and R167L) (Hung et al., 1994) . The Abrin, a very toxic plant protein, is isolated from the seeds of protein biosynthesis inhibitory activity of recombinant E164A, Abrus precatorius. The toxic protein consists of a toxophoric R167L and the double mutant decreased 25-, 625-and 1250-A chain linked to a cell-binding B chain by a disulfide bond fold, respectively, compared with that of the wild type, indicat- (Olsnes and Pihl, 1973) , and is one of the type II ribosome ing that Glu164 and Arg167 are essential for ABRaA catalysis. inactivating proteins (RIPs) (Stripe et al., 1992) . The B subunit
These results were similar to those reported for ricin (Monzingo containing lectin domains binds to cell surface glycoproteins and Robertus, 1992) . with D(ϩ)-galactopyranose moieties (Olsnes et al., 1974; To understand the specific ABRaA amino acid residues et al., 1995) . The molecular mechanism of its inhibitory effect involved in the catalysis and structural integrity necessary for on protein biosynthesis has demonstrated that ABRaA acts as reassociation with ABRaB to form abrin-a, and to narrow a specific RNA N-glycosidase that cleaves the C-N glycosidic down the number of potential residues involved in these bond of the adenosine residue at 4324 in rat 28S rRNA (Endo biological activities, site-directed mutagenesis is required to et al., 1987) . The integrity of the GAGA sequence in the identify the conserved amino acid residues around the ABRaA tetraloop and at least three base pairs in the helical stem active site. We demonstrate that Tyr74, Tyr113 and Trp198 located at the 3Ј-terminal region of 28S rRNA are absolute located at the active cleft are essential for substrate binding, requirements for ABRaA recognition (Gluck et al., 1992) .
and Glu164 for catalysis. The mutant proteins were assayed for Depurination of this site prevents the treated ribosomes from their N-glycosidase, protein biosynthesis inhibitory activities, binding to the elongation factor 2 (Jimenez and Vazquez, 1985;  resistance to trypsin digestion and abilities to reassociate Stripe et al., 1992) , with a consequent arresting of protein biosynthesis.
with ABRaB.
Materials and methods
and depurination of 28S rRNA. The inhibitory effects of reABRaA, or its mutant proteins, on translation in vitro were Materials determined by measuring the incorporation of L-3 [H]-leucine Glutathione-Sepharose 4B gel and vector pGEX-2T were into proteins using a rabbit reticulocyte cell-free system obtained from Pharmacia LKB Biotechnology (Uppsala, purchased from Promega and used in a 257 nM ribosome Sweden). A rabbit reticulocyte cell-free system and Taq DNA concentration as described previously (Thorpe et al., 1981) . polymerase were obtained from Promega (Madison, WI) .
N-glycosidase activity was measured by treating rat liver Restriction endonucleases and T4 DNA ligase were purchased ribosomes with reABRaA or its mutant proteins in a reaction from Boehinger Mannheim GmbH (Mannheim, Germany).
buffer (113 mM KCl, 10 mM MgCl 2 , 0.05% MSH, 2 U L-3 [H]-leucine and [ 35 S]dATP were purchased from Amersham RNasin). After adding the toxic protein, the reaction mixture (Buckinghamshire, UK). Deoxyribonucleotide primers were was incubated at 37°C for 15 min, after which the reaction synthesized using the phosphoramidite method in an Applied was stopped by adding 0.5% SDS. The reaction products were Biosystem automated DNA synthesizer. DNA manipulation, extracted with phenol, precipitated with alcohol and then transformation and plasmid purification were performed treated with 0.8 M aniline (pH 4.5, acetic acid) to selectively according to previously published methods (Sambrook et al., cleave the 28S rRNA at the depurinated site by β-elimination. 1989).
The reaction products were analyzed using 7 M urea-3.5% Construction of expression vector and site-directed polyacrylamide gel electrophoresis, as described previously, mutagenesis and the gels were stained with ethidium bromide prior to being The plasmid, pCDNABC-1, containing the ABRaA gene DNA photographed with Polaroid 667 film (Hung et al., 1994) . fragment was constructed as previously described (Hung et al., Kinetic analysis 1993a). Site-directed mutagenesis was performed using PCR Kinetic analysis was performed by measuring the rate of rRNA to generate mutated DNA fragments. The oligonucleotide depurination as described above. The various concentrations primers were synthesized to encode the first seven N-terminal of ribosomes were treated with reABRaA or its mutant proteins amino acid residues of ABRaA with a BamHI restriction site at 37°C for various periods of time. The reaction products (primer A), and the last six C-terminal amino acid residues were treated with aniline and then analyzed using 7 M ureawith a stop codon following an EcoRI restriction site (primer 3.5% polyacrylamide gel electrophoresis. The results were B). To construct mutated recombinant ABRaA for the amino photographed with Polaroid 665 film and scanned with an acid substitutions from Glu164→Gln, Tyr74→Phe, Tyr113→
Biomed SLR-2D/1D MG2001 densitometer. The rate of depurPhe and Trp198→Phe, four mutated primers (primers C, D, E ination was calculated by measuring the quantities of 410 and F) were synthesized to obtain the site-specific mutants, nucleotide fragment and 5.8S rRNA. Initial rates were analyzed E164Q, Y74F, Y113F and W198F, respectively. using the Lineweaver-Burke plot methods (Chaddock and The pCDNABC-1 was subjected to site-directed mutagenesis Roberts, 1993) . and the mutated DNA fragments were amplified by polymerase chain reactions in the presence of MgCl 2 (Horton and Pease, Reassociation of abrin A and B chains 1991). All mutant sequences were verified by sequencing the
The reABRaA, and its mutant proteins, were separately mixed ligation products of pBS(ϩ) phagemid (Stratagene) containing with ABRaB in ratios of 2:1 (w/w); and the reaction mixtures the mutated DNA fragments.
were incubated in PBS (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , Enzyme expression and purification 2.7 mM KCl, 140 mM NaCl, pH 7.4) containing 10 mM D-A 770 bp BamHI-EcoRI fragment generated from the pBS(ϩ) galactose at 4°C for 24 h (Olsnes et al., 1974) . The reaction phagemid containing a mutated DNA fragment was subcloned products were then mixed with an equal volume of gel-loading into expression vector pGEX-2T with T4 DNA ligase. The buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol orientation of each insert was confirmed by nucleotide and 0.2% bromophenol blue), and analyzed using 12% nonsequencing.
reducing or reducing SDS-PAGE, followed by Coomassie reABRaA and its mutant proteins were expressed in E.coli blue staining to detect the presence of heterodimers. TG1 cells that were transformed with the recombinant plasmid
The interactions between reABRaA and ABRaB were further under the control of a tac promoter (Smith and Johnson, 1988) . studied by incubating reABRaA and ABRaB at 4°C for 24 h, After cultured cells were grown to a cell density of about and the reaction products were then applied to an FPLC 4ϫ10 8 cells/ml at 37°C, 0.5 mM IPTG was added at 30°C for Superose 12 gel filtration column (10 mmϫ300 mm) and 3 h to induce the expression of fusion protein. Cells were eluted with PBS. The protein peaks were collected and analyzed harvested by centrifugation at 4°C and lysed by the freeze-thaw using 12% SDS-PAGE following silver staining. method. The fusion protein was purified with a glutathioneTryptic digestion of reABRaAs Sepharose 4B column as described previously (Hung et al., Tryptic digestion was carried out in 50 mM Tris-HCl pH 8.0 1993b). The fusion protein was then digested with thrombin and 150 mM NaCl at 37°C for 1 h, and the enzyme to substrate and the reaction products were purified with an FPLC Mono ratio (w/w) was determined to be 1:20. Digestion was stopped Q column (1.6 mmϫ50 mm) to obtain reABRaA and its by adding 1% SDS and then immediately boiling for 5 min, mutants. The homogeneity of the purified proteins was analyzed after which the reaction products were analyzed using 12% using SDS-PAGE (Laemmli, 1970) . Protein concentrations SDS-PAGE (Wiedlocha et al., 1992) . were determined using the bicinchoninic acid method (Smith et al., 1985) .
Circular dichroism spectroscopy Measuring protein biosynthesis and N-glycosidase inhibitory
The reABRaA and W198F were dissolved in a 10 mM activities phosphate buffer, pH 8.0, and their CD spectra collected at 24°C using a Jasco model 720 spectropolarimeter. The spectra Functional characterization of the mutant proteins was carried out by measuring their inhibitory effects on translation in vitro of the protein solutions were recorded at 190-250 nm using a scanning rate of 20 nm/min. Three scan spectra were accumulated using a 1 mm path-length cell for the protein solution and the buffer allowing the final spectra to be obtained by subtracting that of the buffer. To estimate the secondary structure content, the observed ellipticity was converted using [q] ϭ qϫl -1 ϫc -1 , where q is the observed ellipticity, l is the cell length in mm, and c is the molar concentration. Analysis of CD spectra in the far UV region in terms of the fractions of structural elements, i.e. α-helix, β-sheet, β-turn and unordered form, was carried out according to the procedures described by Chang et al. (Chang et al., 1978; Yang et al., 1986) . Non-linear least-squares curvefitting in the 190-240 nm region at 1 nm intervals of CD spectra was used to find the best estimation of the percentage contributed by each structural element in the reABRaA and samples of purified reABRaA and its mutant proteins were analyzed using 12% SDS-PAGE and Coomassie blue staining.
Results

Expression and purification of ABRaA and its mutant proteins
To investigate the role of four highly conserved amino acid residues (Tyr74, Tyr113, Glu164 and Trp198) clustered at the active site in enzyme catalysis, we expressed the cloned ABRaA and its mutant cDNA in E.coli, and purified them using a glutathione-Sepharose 4B affinity column as glutathione-Stransferase-ABRaA fusion protein (GST-ABRaA). This method allowed us to remove most bacteria-soluble proteins by one-step purification. The purified fusion proteins were then treated with thrombin, and the free mutant proteins purified using a Mono Q column. The homogeneity of the recombinant proteins was examined using 12% SDS-PAGE (Figure 1 ). The yield of the four mutant proteins was about 7 mg/l of induced culture. The purification procedure provided a simple and fast method for preparing reABRaA, and its mutant proteins, with reasonable yield. Amino acid residues involved in catalytic activity of ABRaA To study amino acid residues potentially involved in the catalytic activity of ABRaA, the four amino acid residues identical in all type I and type II RIPs, located at the active cleft were individually substituted using in vitro site-directed mutagenesis of the ABRaA cDNA by PCR. The purified mutant proteins were then assayed for their inhibitory effects ABRaA Tyr74, Tyr113 or Trp198 was replaced by phenylalanine, the inhibitory effect of each on protein biosynthesis was moderately decreased. The ID 50 of these three mutant proteins in Figure 3 , rat liver ribosomes treated with 1 nM reABRaA, was increased to 0.45, 0.65 and 0.35 nM, respectively, while Y74F, Y113F or W198F all released the small rRNA fragment, that of reABRaA was 0.08 nM. These results indicate that the while those treated with the mutant E164Q did not. mutants had a moderating effect on the inhibition of protein Kinetic analysis of reABRaAs biosynthesis. When Glu164 was converted to glutamine, the mutant protein exhibited barely detectable inhibitory activity
To distinguish the identities of amino acid residues around the ABRaA active cleft defective either in cleavage or substrate and the ID 50 was greatly increased to 128.42 nM. This result suggests that the negative charge of Glu164 may be essential binding, the kinetic parameters, K m and k cat were determined based on the characteristic depurination of 28S rRNA, which for the protein biosynthesis inhibitory activity.
ABRaA inhibits protein biosynthesis through its N-glycosidprovided an accurate determination of ABRaA N-glycosidase activity, as described previously (Chaddock and Roberts, 1993) . ase activity and cleaves the A 4324 of eukaryotic 28S rRNA. After aniline treatment, the phosphodiester bonds on both sides
The kinetic parameters were analyzed using the LineweaverBurke plot method and are shown in Table II . The results of the depurinated nucleotide generated by ABRaA were hydrolyzed. A small rRNA fragment of about 410 ribonucleoindicate that K m of Y74F, Y113F and W198F was increased by the significant factors of 5.0, 3.1 and 3.7, respectively tides was found in the reaction products using 7 M urea-3.5% polyacrylamide gel electrophoresis following ethidium bromide (3.07, 1.97 and 2.10, respectively, relative to the 0.59 of the wild type in µM); and the k cat of E164A decreased dramatically staining, as reported previously (Hung et al., 1994) . As shown 5Ј-GGGATCCGAAGATAGGCCCATCAAGTTT-3Ј a; lanes 2-6 correspond to the dissociated products of reABRaA, E164Q, Primer B 5Ј-AGAATTCTTAATTTGGCGGATTGCAGAC-3Ј Y113F, Y74F and W198F, respectively. Primer C 5Ј-TGGTTGCACAAGCAGCTC-3Ј Primer D 5Ј-CTAATGCATTTGTTGTAGC-3Ј Primer E 5Ј-TGGTACTTTCGGTGATCT-3Ј Primer F 5Ј-GAACAATTTCGATAATCTG-3Ј treatment with 5% MSH. As shown in Figure 4 , Y74F, Y113F and E164Q were able to reassociate with ABRaB to yield heterodimer by forming a disulfide bridge between the Cys247 of ABRaA and the Cys6 of ABRaB, but W198F could not shown) (Mohanraj and Ramakrishnan, 1995) .
a N.D., not determined.
Although W198F maintained its N-glycosidase activity and inhibitory effects on protein biosynthesis to a considerable extent, it would be interesting to know whether W198F is by a factor of 21.8 (78 relative to the 1704 of reABRaA in denatured during its incubation with ABRaB. Analysis of the min -1 ).
N-glycosidase activity of the reaction products was performed, Reassociation of reABRaAs with ABRaB and it revealed that W198F maintained most of its activity after the incubation (data not shown). This indicates that the To study whether these mutant proteins can interact with incubation of W198F and ABRaB does not disturb the overall ABRaB to form heterodimers, like the wild type ABRaA does, folding of W198F which is responsible for catalytic activity. ABRaA and its mutant proteins were incubated with ABRaB However, the loss of reassociation of W198F with ABRaB at 4°C for 24 h, and the reaction products were analyzed using could be due to its conformational change around the Cnon-reducing SDS-PAGE. A heterodimer of mutant abrin was terminal region, which is important for association with detected as having the same molecular size as that of abrin and the heterodimer was dissociated into A and B chains after ABRaB. Figure 6 shows the CD spectra (190-250 nm) of reABRaA and W198F. α-Helix, β-sheet, β-turn and random coil were detected in both proteins; with 37.1% α-helix in reABRaA (which is the same as that shown by X-ray crystallographic 
Discussion
Tryptic digestion and CD spectroscopy of reABRaAs
To further study the structural integrity of ABRaA and its
To investigate the biological roles of the four conserved amino acid residues around the ABRaA active cleft, we mutated mutant proteins, we compared the sensitivity of these proteins with tryptic digestion. As shown in Figure 5 , wild type ABRaA, the conserved amino acids. When Glu164 was changed to glutamine, the activity of the mutant was almost totally Y74F, Y113F and E164Q were still resistant to tryptic digestion at enzyme to substrate ratios as high as 1:20 (w/w), and these eliminated, and the ID 50 of the mutant was 1600-fold higher than that of wild type reABRaA. Kinetic analysis of E164Q proteins remained intact, while W198F were sensitive to tryptic digestion and released one major 12 kDa proteolytic fragment could not be performed since the mutant enzyme almost lost its ability to hydrolyze A 4324 from 28S rRNA. As previously at an enzyme to substrate ratio of 1:20 at 37°C for 1 h. The 12 kDa fragment was found to be located at amino acid reported, a mutant protein, E164A, slightly decreased its enzymatic activity to 25-fold lower than that of reABRaA. residues 154-251 of ABRaA, and also to be quite resistant to tryptic digestion, as shown previously (Lin et al., 1996) .
One possible interpretation of this result is that it could be due to rotation of the Glu195 side chain into the space on the acid residues, Trp198 and Leu242, are crucial for the proper folding of the C-terminal hydrophobic region that facilitates active site left by the changing of Glu164 into Ala164; but this could not happen in the case of bulky Gln164 side chain the formation of the heterodimer, abrin.
In conclusion, this study shows that Glu164 is involved in (Hung et al., 1994) . When Glu164 was mutated to Ala during the present investigation, it dramatically decreased its k cat value, the catalytic function, Tyr74 and Tyr113, in substrate binding, and Trp198, not only in substrate binding, but also in mainwhich suggests that Glu164 is involved in catalytic function.
It was reported previously that ricin A chain (RTA) and taining the ability of ABRaA to reassociate with ABRaB. Furthermore, this conclusion is consistent with the report that ABRaA had a high amino acid homology with 107 identity amino acid residues, as well as a similar three-dimensional these four amino acid residues are essential to the enzymatic function, so they are invariant in all of the type I and II RIPs structure . Catalytic function studies on RTA showed that the leaving group adenine is apparently (Funatsu et al., 1991) . protonated by Arg180, promoting the breaking of the C1Ј-N9 bond, thereby forming an oxycarbonium character on the
